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Drosophila Matrix Metalloproteinases
Are Required for Tissue Remodeling,
but Not Embryonic Development
metalloelastase) mutant mice have no developmental
defects (Itoh et al., 1997; Masson et al., 1998; Mudgett
et al., 1998; Shipley et al., 1996; Wilson et al., 1997);
MMP-2 (gelatinase A) mutant mouse embryos display
defects in lung branching late in fetal development but
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Berkeley, California 94720 are born and develop normally (Kheradmand et al.,
2002); MMP-9 (gelatinase B) mutant mouse embryos
have defects in long-bone growth, but they are able to
compensate and develop normal skeletons soon afterSummary
birth (Vu et al., 1998); MMP-14 (matrix-type metallopro-
teinase-1) mutant mice die with skeletal and connectiveThe matrix metalloproteinase (MMP) family is heavily
implicated in many diseases, including cancer. The tissue defects, but only postnatally (Holmbeck et al.,
1999; Zhou et al., 2000). Does this lack of embryonicdevelopmental functions of these genes are not clear,
however, because the 20 mammalian MMPs can be lethal phenotypes mean that MMPs do not play impor-
tant roles in embryogenesis, or are other MMPs com-functionally redundant. Drosophila melanogaster has
only two MMPs, which are expressed in embryos in pensating?
Here we examine MMP function during developmentdistinct patterns. We created mutations in both genes:
Mmp1 mutants have defects in larval tracheal growth of the fruitfly, Drosophila melanogaster, which has only
two MMPs. We find that neither is required for em-and pupal head eversion, and Mmp2 mutants have
defects in larval tissue histolysis and epithelial fusion bryogenesis, but, rather, for later developmental remod-
eling. Mmp1 is required for larval tracheal growth andduring metamorphosis; neither is required for embry-
onic development. Double mutants also complete em- events of pupal morphogenesis; Mmp2 is required dur-
ing metamorphosis and is specifically involved in histol-bryogenesis, and these represent the first time, to our
knowledge, that all MMPs have been disrupted in any ysis of larval tissues and epithelial fusion. Because there
are only two Drosophila MMPs, we were able to con-organism. Thus, MMPs are not required for Drosophila
embryonic development, but, rather, for tissue remod- struct animals with no functional MMPs, the first time,
to our knowledge, that all MMPs have been ablated ineling.
any organism, and we find that these double mutants
also complete embryonic development. Our resultsIntroduction
demonstrate that, in flies, MMPs are required for later
tissue remodeling, but not for embryonic development.The extracellular matrix (ECM), a complex network of
proteins and proteoglycans, is involved in cell adhesion,
cell signaling, and the structural maintenance of tissues. Results
The ECM must be altered in order for the normal events
of embryogenesis, metamorphosis, tissue remodeling, Two MMPs in Drosophila
or cell migration through barriers to occur. The ECM is The Drosophila genome contains two genes that encode
also degraded during the course of many diseases, for MMPs. We identified Mmp1 through BLAST searching
example, cancer growth and metastasis. As a family, the of genomic sequence, and we identified Mmp2 initially
matrix metalloproteinases (MMPs) can cleave almost in a screen for genes encoding secreted products (Kop-
every protein component of the ECM, and they are be- czynski et al., 1998) and later in the genome. We isolated
lieved to be responsible for much of the matrix alteration cDNAs for each gene by screening embryonic and larval/
required for both normal and disease processes. There pupal cDNA libraries. For Mmp1, we identified two splice
are over 20 MMPs in mammals, with overlapping sub- forms, form 1 and form 2 (Mmp1.f1 and Mmp1.f2; Figure
strate specificities (reviewed in McCawley and Matri- 1A). In situ hybridization to salivary gland squashes
sian, 2001; Sternlicht and Werb, 2001). demonstrated that Mmp1 is located at cytological region
MMP expression is upregulated in most cancers, sig- 60D and that Mmp2 is located at 46A. Both have the
nificantly implicating them in tumor growth and progres- conventional MMP gene structure, with a catalytic do-
sion, and the extent of expression correlates well with main, a C-terminal hemopexin domain that binds sub-
prognosis (Egeblad and Werb, 2002). However, the roles strates and inhibitors, an N-terminal pro domain that
of these enzymes in normal development and physiol- maintains an inactive zymogen state and is cleaved to
ogy are still unclear. On the basis of expression data activate the protease, and a signal sequence (Figure
and inhibitor studies, it was thought that MMPs are 1C). In addition, the Mmp2 hinge domain contains a
required for embryonic development, wound healing, cluster of eight repeats of the sequence RRRQEEE and
and angiogenesis. In contrast to expectations, however, four more of a closely related sequence, which is not
all MMP knockout mice complete embryogenesis and found in any other MMP family member and has un-
are born: MMP-3 (stromelysin-1), MMP-7 (matrilysin), known function. We compared these two Drosophila
MMP-11 (stromeleysin-3), and MMP-12 (macrophage MMPs to other known invertebrate MMPs and to mam-
malian MMPs in a phylogenetic analysis (Figure 1D). The
resulting tree showed that the Drosophila MMPs are* Correspondence: andrea@fruitfly.berkeley.edu
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Figure 1. MMP Genes in Drosophila
(A and B) Genomic regions of Mmp1 and Mmp2, including sequenced P element insertions, transcripts, and excision-derived deletions. For
genomic regions, open boxes indicate exons. For transcripts, open boxes indicate noncoding and shaded boxes indicate protein-coding
mRNA. Mmp1 form 1 is 2.4 kb and form 2 is 3.1 kb. Mmp2 transcript is 4.1 kb. For Mmp2, intron 1 is 15 kb and intron 3 is 51.8 kb.
(C) EMS alleles and domain structure of Drosophila MMPs. Domains shown are signal sequence (ss), pro domain, catalytic domain, hemopexin
domain, and hinge region (black). RRRQEEE repeats are shown as circles on Mmp2. Arrows show mutations with allele designations. Asterisk
(*), stop codon. Mmp2 allele 218 is a 3 splice site mutation (the invariant AG dinucleotide at the 3 splice site before exon 5 is mutated to
AA, abolishing the reading frame from the middle of the catalytic domain). Mmp1.f1 predicted protein is 541 amino acids, and Mmp2 predicted
protein is 758 amino acids.
(D) Phylogenetic tree of the relationships of invertebrate and human MMPs. Both Drosophila MMPs (Dm, red) were aligned with the 21 human
MMPs (Hs, black; from Sternlicht and Werb, 2001), the six C. elegans MMPs (Ce, brown; identified by BLAST searching), a Hydra vulgaris
MMP (Hv, blue; Leontovich et al., 2000), and an MMP from the plant Arabidopsis thaliana as an outgroup (At, green; Maidment et al., 1999).
A branch comprised entirely of the human MMPs 9, 2, 7, 20, 13, 12, 27, 10, 3, 8, and 1 was omitted for clarity.
each more closely related to different human MMPs than gives an inflated-wing phenotype, possibly indicating a
loss of ECM, which holds together the two surfaces ofthey are to each other, demonstrating that the two fly
MMPs likely represent an ancient divergence in the MMP the wing blade (Godenschwege et al., 2000). To deter-
mine whether the fly Timp could inhibit the fly MMPs,gene family.
we asked whether coexpression of Timp could suppress
MMP misexpression phenotypes. When misexpressedDrosophila Timp Inhibits Both Mmp1 and Mmp2
TIMPs (tissue inhibitors of metalloproteases) are endog- with an eye-specific GMR-GAL4 driver, Mmp2 consis-
tently caused a glassy eye with flattened ommatidia andenous protein inhibitors of MMPs that occupy the active
site of the enzyme (Gomis-Ruth et al., 1997). Although occasional missing or double bristles (compare Figures
2B and 2E with 2A and 2D). When both Mmp2 and Timpthere are four TIMPs in mammals, the Drosophila ge-
nome contains a single Timp gene. Deletion of fly Timp were coexpressed with the same GMR-GAL4 driver, the
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of the six observed bands correlated with cDNAs we
identified by library screening: the ubiquitous 3.2 kb
band (Mmp1.f2, 3095 nt cDNA) and a faint 2.4 kb band
in early pupae (Mmp1.f1, 2345 nt cDNA). Bands at 6.5
and 4.3 kb probably also represent real transcripts be-
cause they are observed in Northern blots of polyA
RNA (data not shown). When the same blot was probed
for Mmp2, expression was highest in early pupae, and
Mmp2 was also expressed in embryos beginning at 8–12
hr, in the first larval instar, in adults, and in S2 cells
(Figure 3A). The two Mmp2 transcripts at 4.4 kb and 4.1
kb are slightly larger than the 4120 and 3960 nt cDNAs
we identified in our library screening, possibly because
of polyadenylation differences. Potentially nonspecific
hybridization is observed with both MMP probes at 2.0
and 1.9 kb. A single Timp isoform was expressed at
stages when MMPs were expressed (Figure 3A).
To determine the spatial distribution of MMP expres-
sion, we performed RNA in situ hybridizations to em-
bryos and larval tissues (Figures 3B–3X). Mmp1 was
first expressed at stage 13, before dorsal closure, in
segmentally repeating cells that are associated with the
migrating dorsal epithelium (Figures 3B and 3C); inter-
Figure 2. Drosophila Timp Inhibits Mmp1 and Mmp2 In Vivo estingly, Timp expression is reported to be similar (Go-
Scanning electron micrographs of eyes (A–F) or dorsal thoraxes denschwege et al., 2000). Mmp1 was also expressed at
(G–L) of flies overexpressing MMPs. the site of dorsal closure at stage 15 and in the hindgut
(A–C) One hundred twenty-five times.
(Figures 3D and 3H). Beginning in stage 14 and continu-(D–F) One thousand times.
ing until cuticle deposition, staining was evident in re-(A and D) Wild-type w1118.
peating cells along the ventral midline of the central(B and E) GMR-GAL4/, UAS-Mmp2/.
(C and F) GMR-GAL4/, UAS-Mmp2/; UAS-Timp/. nervous system, as has been observed by Llano et al.
(G–I) One hundred twenty-five times; arrows show sockets of three (2000), and in the proventriculus (Figures 3E and 3F).
scutellar macrochaetae. Staining was also observed in the posterior spiracles in
(J–L) One thousand five hundred times; bristle socket. stage 14 and in the hindgut in stage 16 (Figures 3G–3I).
(G and J) dpp-GAL4/ alone, wild-type phenotype.
We expect that Mmp1 is expressed at high levels after(H and K) dpp-GAL, UAS-Mmp1.f1/.
stage 16 (around 15 hr AED), when cuticle deposition(I and L) dpp-GAL4, UAS-Mmp1.f1/; UAS-Timp/.
inhibits probe penetration, because of the strong signal
seen on the Northern blot.
Mmp2 was expressed in many tissues after stage 10,Mmp2 phenotype was suppressed to nearly wild-type
including the mesoderm from stages 10 to 12 (Figures 3Jappearance in all animals (Figures 2C and 2F); expres-
and 3K), the migrating stomatogastric nervous systemsion of Timp alone with GMR-GAL4 gave no visible phe-
beginning at stage 10 (Figures 3J, 3L, and 3M), and thenotype. Expression of wild-type Mmp1.f1 in the eye usu-
ectoderm and then peripheral nervous system beginningally resulted in no phenotype, and, therefore, we
at stage 10 (Figures 3N and 3O). Beginning in stage 14,misexpressed Mmp1.f1 with a dpp-GAL4 driver, which
segmentally repeating cells in the developing centralcaused the thoracic macrochaetae (large bristles) to
nervous system expressed Mmp2 (Figures 3P and 3Q),break off shortly after eclosion (compare Figures 2H and
and, by stage 17, Mmp2 was expressed in the brain2K with 2G and 2J). When Mmp1.f1 was coexpressed
(Figure 3S). Mmp2 was also expressed in constrictionswith Timp, the bristles were restored to wild-type ap-
of the developing gut in stages 15–16 (Figure 3R).pearance in all animals (Figures 2I and 2L); expression
In tissues from wandering third instar larvae, we didof Timp alone with dpp-GAL4 gave no visible phenotype.
not detect Mmp1 expression in leg or eye-antennalThe MMP misexpression phenotypes may be caused by
imaginal discs or in larval brains. In wing discs, Mmp1inappropriate degradation of ECM during development,
was expressed in a band of cells proximal to the hingealthough the exact defect is unclear. Suppression of
region, forming a line from the posterior side to the
these phenotypes by Timp demonstrates that Timp in-
middle of the disc. The location and size of this band of
hibits Mmp1 and Mmp2 in vivo.
expression was variable and was sometimes associated
with the trachea (Figure 3T); these cells also express
MMP Expression the tracheal marker btl (data not shown). We believe this
We prepared a Northern blot of total RNA from 12 devel- band of cells is the migrating primordia of the adult
opmental stages and S2 cells (Drosophila cell culture). tracheal airsac described by Sato and Kornberg (2002).
Mmp1 transcripts were most abundant in early pupae In contrast, Mmp2 was expressed widely in wing discs,
(Figure 3A, lane 9), a period of extensive tissue remodel- somewhat in leg discs, and abundantly in the morphoge-
ing. Some Mmp1 expression was present during all netic furrow and developing ommatidia of the eye disc
(Figures 3U–3W). Mmp2 expression in wing discs maystages, except in embryos younger than 15 hr. Two
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Figure 3. Mmp1 and Mmp2 Expression
(A) Developmental Northern blot. Lane 1, embryos 0–4 hr after egg deposition (AED); lane 2, embryos 4–8 hr AED; lane 3, embryos 8–12 hr
AED; lane 4, embryos 0–15 hr AED; lane 5, embryos 14–22 hr AED; lane 6, first instar larvae; lane 7, second instar larvae; lane 8, wandering
third instar larvae; lane 9, early pupae; lane 10, late pupae; lane 11, adult males; lane 12, adult females; lane 13, Drosophila S2 cells. Arrows
show bands of sizes 6.5, 4.3, 3.2, and 2.4 kb for Mmp1, 4.4 and 4.0 kb for Mmp2, and 1.8 kb for Timp. rp49 is a loading control.
(B–X) In situ hybridizations performed with probes against Mmp1 (B–I and T) or Mmp2 (J–S and U–X). Embryo views (B–S) are lateral; anterior
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Table 1. Lethal Phase Analysis of Mmp1 and Mmp2, Timp Overexpression, and Double Mutants
Embryos Survived Pupated Head Bristles
Genotypea,b Hatchedc Survived L1d Survived L2 L3/Pupariated (Head Eversione) Visiblee Adults Eclosed
Mmp1Q112* 53/61 98% (n  46) 68% 0 0 0 0
Mmp1Q112*/2 64/65 98% (n  59) 84% 7% 7% 0 0
Mmp1W208* 33/37 93% (n  55) 54% 4% 0 0 0
Mmp1W208*/2 47/56 95% (n  38) 90% 6% 3% 0 0
Mmp1W439* 60/68 100% (n  56) 73% 32% 2% 0 0
Mmp1W439*/2 47/52 100% (n  41) 90% 10% 2% 0 0
Mmp1Q273* 84/95 97% (n  70) 94% 61% 37% 26% 0
Mmp1Q273*/2 73/90 96% (n  54) 87% 22% 6% 0 0
Mmp2W307* 65/101 91% (n  53) 83% 72% 15% 2% 0
Mmp2W307*/Df 46/52 96% (n  28) 96% 89% 18% 7% 0
Mmp2A218V 70/78 100% (n  51) 100% 94% 25% 8% 0
Mmp2A218V/Df 43/52 100% (n  47) 100% 96% 13% 6% 0
Mmp2218/Df 70/79 100% (n  58) 95% 90% 34% 17% 0
Mmp2G535R/Df 27/32 98% (n  49) 94% 94% 47% 18% 0
Mmp2F219I/Df 58/64 100% (n  84) 100% 92% 89% 63% 2%
Mmp2218/W307* Mmp1Q112*/2 13/14 96% (n  28) 57% 4% 0 0 0
Mmp2W307* Mmp1Q112* 72/98 73% (n  52) 35% 0 0 0 0
Mmp2W307*/Df Mmp1Q112*/2 147/152 ND ND ND ND ND ND
btl-GAL4; UAS-Timp 100/104 100% (n  84) 88% 46% 35% 33% 7%
tubP-GAL4; UAS-Timp 57/61 100% (n  52) 92% 31% 0 0 0
; UAS-Timp control 44/82 100% (n  33) 100% 82% 82% 82% 82%
cn bw sp control 81/98 ND ND ND ND ND ND
aDf is Df(2R)Uba1-Mmp2, and Mmp12 is a deletion allele described in Figure 1. MMP mutant embryos were identified at least 7 hr AED as
those not expressing GFP from a CyO, arm-GFP balanced stock. All experiments were performed at 25.
b EMS alleles of MMPs were induced in a cn bw sp background, whose hatching rate is shown at the bottom.
c Embryos hatched were identified after 2 days by the presence of empty chorions.
d Larvae were counted and moved to a new plate daily. The number of animals observed (n) is constant for columns 3–8 and excludes those
killed and lost during the experiment. Animals that survived L1 were observed as second instar larvae.
e Head eversion and the presence of head bristles were observed through the pupal case.
account for the inflated wing phenotype observed in Mmp1 that removes nearly all the coding region (allele
2; Figure 1A) and a deletion of Mmp2, Df(2R)Uba1-Timp mutants, if Mmp2 degrades the matrix between
the wing blades in the absence of endogenous Timp. Mmp2, that removes part of the upstream gene Uba1,
all the Mmp2 5 and promoter sequence, the first threeIn larval brains, Mmp2 was expressed in discreet foci
throughout the ventral nerve cord and lobes and, also, Mmp2 exons encoding the signal sequence, the pro
domain, and some of the catalytic domain (Figure 1B).heavily in the optic lobes (Figure 3X).
To generate more alleles, we performed a noncomplem-
entation screen for both genes and isolated five EMSMMP Mutations
To initiate functional studies of these proteases, we alleles of Mmp1 and ten EMS alleles of Mmp2. Sequenc-
ing the coding regions identified lesions in all alleles butidentified P element insertion alleles in the public collec-
tions and generated new alleles (see Experimental Pro- one; some of these are indicated in Figure 1C.
Upon examining mutants, we found that both genescedures). By P excision, we generated a deletion of
is on the left and dorsal is up, unless otherwise stated.
(B) Mmp1 in cells of the dorsal epithelium (arrow), stage 13.
(C) Higher magnification of (B).
(D) Mmp1 at dorsal closure (arrow), dorsal view, stage 15.
(E) Mmp1 in the central nervous system (CNS, arrow), ventral view, stage 14.
(F) Mmp1 in the proventriculus (arrowhead) and CNS cells (arrow) as in (D), stage 15.
(G) Mmp1 in the developing posterior spiracles (arrows), dorsal view, stage 13.
(H and I) Mmp1 in the hindgut (arrows), dorsal view, stages 13 (H) and 15 (I).
(J) Mmp2 in the mesoderm (arrowhead) and stomatogastric nervous system (arrow), stage 10.
(K) Mmp2 in mesoderm, stage 12.
(L) Mmp2 in ganglia in the developing head (arrow) and in the CNS, dorsolateral view, stage 14.
(M) Mmp2 in the stomatogastric nervous system, dorsal view, stage 14.
(N and O) Mmp2 in the peripheral nervous system, stages 12 (N) and 14 (O).
(P and Q) Mmp2 in the CNS, ventral view, stages 14 (P) and 16 (Q).
(R) Mmp2 in the gut (arrow), dorsal view, stage 16.
(S) Mmp2 in the brain (arrow) and the ventral nerve cord, stage 17.
(T) Mmp1 in the wing disc in a band of cells corresponding to the thoracic airsac primordia (arrow).
(U–X) Mmp2 is expressed widely throughout the wing disc (U), the leg disc (V), in the morphogenetic furrow (arrow) and developing ommatidia
of the eye disc (W), and the optic lobe of the larval brain (X; arrows).
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Figure 4. Mmp1 Mutant Phenotypes and Tracheal Expression
Anterior is up, except in (F)–(I), where anterior is left and dorsal is up.
(A) Posterior end of a third instar heterozygous Mmp1/ control larva, with normal posterior spiracles (arrow).
(B) Posterior end of a third instar Mmp1l(2)k04809 larva. Posterior spiracles (arrow) and dorsal trunk constrictions (arrowhead) are abnormal.
(C) Middle to posterior region of a third instar Mmp12 larva with dorsal trunk breaks (arrowheads) and internal posterior spiracles (arrow).
(D) Heterozygous control (left) and Mmp12/Mmp1Q112* (center and right) third instar larvae, hatched within a few hours of each other. Arrows
show the posterior spiracles; the arrowhead shows a break in the dorsal trunk of a mutant just below the anterior spiracle.
(E) Dorsal view of Mmp1 (left) and heterozygous control (right) third instar larvae with breathless (a tracheal marker) driving expression of
GFP. The bracket shows a large dorsal trunk break; the arrow shows a small tracheal branch partly bridging the break.
(F–I) DIC optics showing the tracheal system of first instar larvae, lateral views, same scale. Arrows in (F) and (H) show slack regions of the
dorsal trunks; arrows in (G) and (I) show a transverse connective pulled anteriorly in (G) and with slack in (I).
(F) Mmp1Q112*/2, small first instar.
(G) Mmp1Q112*/2, larger first instar.
(H) Heterozygous control, small first instar.
(I) Heterozygous control, larger first instar.
(J) A region of dorsal trunk from Mmp1/ larvae with tracheae marked with breathless-GFP (green, left) and stained with anti-Mmp1 antibodies
(red, right).
(K) A region of dorsal trunk from Mmp1 larvae with tracheae marked with breathless-GFP (green, left) and stained with anti-Mmp1 antibodies (right).
(L) Larval wandering behavior in Mmp1 mutants (left) and control heterozygotes (right). Ninety-five heterozygotes and 96 Mmp12/Q112* mutant
larvae were placed on yeast paste in the middle of separate molasses plates, as shown. About 70% of the mutants are not in contact with
the yeast, whereas less than 5% of heterozygotes are not in contact with the yeast.
(M) Mmp12 third instar larva with second instar cuticle attached at the mouthhooks.
(N) A dissected Mmp1W208* prepupa with no head eversion; the mouthhooks, normally ejected at head eversion, are visible as the dark spot
at the top. Everted wings are visible on the sides.
(O) Mmp1Q273* cryptocephalic pupa removed from the puparium, dorsal view on the left and ventral view on the right. Inset, a head dissected
from the body cavity of a similar animal.
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were required for viability (Table 1). Mmp1 and Mmp2 defect became more apparent in larger L1 animals,
where the tracheal system is visibly stretched and hasmutant embryos hatched at rates comparable to the
parental chromosome cn bw sp (wild-type), indicating no slack, especially evident along the transverse con-
nectives (compare Figures 4G and 4I). Additionally, 20%that neither gene is required for embryogenesis. For
Mmp1 strong alleles (Q112* and W208*), some mutants (n  25) of Mmp1Q112*/2 L1 animals had breaks in their
dorsal trunks, presumably caused by overstretching. Bydied during the second larval instar, and most died dur-
ing the third larval instar, which lasted several days second instar, all Mmp1Q112*/2 larvae appeared to have
dorsal trunks that were somewhat shortened, i.e., thelonger for these animals than for wild-type. Weaker
Mmp1 mutants (W439* and Q273*) frequently pupariated posterior spiracles had moved inward, and 44% (n 
62) also had visible breaks in the dorsal trunks. The(formed pupal cases), but many did not complete the
morphogenetic event of head eversion, as observed tracheal system of third instar Mmp1Q112*/2 larvae
stretched dramatically toward the anterior of the animal,through the pupal case. Mmp2 mutants routinely sur-
vived through the larval stages to form puparia; most with prominent tracheal breaks in 42% (n  52) and
posterior spiracles separated from the surface of themutants carrying strong alleles (W307* and A218V) died
before head eversion, although a few were able to evert cuticle in all. We ruled out the possibility that a mater-
nally deposited store of Mmp1 was masking an earliertheir heads and develop far enough to have head bristles
visible through the pupal case. To assess which alleles phenotype, as germline clones where both maternal and
zygotic contributions were eliminated displayed identi-were potentially null alleles, we compared homozygous
mutations to the mutations in trans to deletions gener- cal phenotypes to animals where only the zygotic contri-
bution was eliminated (data not shown). Thus, Mmp1ated by P excision (as no other deletions uncovered
these genes); Mmp1Q112* and Mmp2W307* are null alleles is required for growth of larval tracheae, but not for
morphogenesis of embryonic tracheae. Consistent withby this criterion, as would be predicted on the basis of
sequence. a role for Mmp1 in tracheal growth, Mmp1-specific anti-
bodies that we generated identify Mmp1 protein in the
tracheal cells of the dorsal trunk, but not in those ofMmp1 Mutant Phenotypes
control Mmp1 mutant animals (Figures 4J and 4K).The most striking Mmp1 phenotype was in the dorsal
The sizes of Mmp1 larvae were variable, but they weretrunks of the larval tracheal system. The dorsal trunks
always smaller than wild-type or heterozygous siblingsare the largest branches of the tracheae, and, in wild-
(Figure 4D). Additionally, mutants wandered away fromtype and heterozygous controls, the dorsal trunks ex-
their food long before the end of the third instar, earliertend the length of the animal, from the anterior spiracles
than normal (Figure 4L). As wild-type larvae are knownto the posterior spiracles, where gas exchange with the
to wander in response to reduced oxygen (Wingroveatmosphere occurs (Figures 4A and 4D). By third instar,
and O’Farrell, 1999), we interpret the mutant behaviorMmp1 null larvae exhibited shortened dorsal trunks,
as an indication that the animals could not fully meetwhere the posterior end of each trunk did not protrude
their oxygen needs with defective tracheae. Indeed, wefrom the animal at the spiracle, but, instead, was inter-
observed the breaking of a dorsal trunk in one first instarnalized in the posterior quarter of the body (Figures 4B
larva, and the animal immediately began to wander awayand 4D). Additionally, in many animals, the dorsal trunk
from its food.was broken somewhere between the posterior and ante-
Less-penetrant phenotypes are also informativerior spiracles (Figures 4C and 4D). To address whether
about the functions of Mmp1. For many Mmp1 allelicwe observed actual tracheal breaks, rather than defects
combinations, we observed rare animals that were un-in gas filling (which would appear as breaks, since fluid-
able to shed their cuticles completely at the L2/L3 molt;filled tracheae are nearly invisible), we examined the
when we pulled this attached cuticle, the larva wastracheae in Mmp1 transheterozygous null mutants ex-
dragged along with it. The larval cuticle covers the out-pressing GFP in the tracheal system (with btl-GAL4,
side of the animal and is continuous with cuticle liningUAS-GFP). The GFP fluorescence in the tracheae was
the tracheae. The old mutant cuticle appeared to remaindiscontinuous, demonstrating the existence of breaks
attached at the mouthhooks (Figure 4M) and/or at ain the dorsal trunks (Figure 4E) and in smaller tracheal
lateral spiracle through which tracheal cuticle is shed.branches as well (data not shown). Small tracheal tubes
This suggests that Mmp1 plays a role in the release ofhad sometimes sprouted from a break, apparently at-
old cuticle at molting.tempting to repair the breaks (Figures 4C and 4E). In
Weak alleles give insight into the role of Mmp1 inaddition to the spiracles and breaks, another significant
pupation. About 12 hr after pupariation, the adult headdefect was observed in mutants: the diameter of the
everts from its position inside the larval body cavity, andorsal trunks was uneven and had small constrictions
event known as pupation that divides the prepupal from(Figures 4B and 4C).
the pupal stages of development; pupal developmentWe examined younger animals to determine the origin
continues for about 84 hr after head eversion. Two weakof these tracheal phenotypes. We did not observe any
alleles of Mmp1, W439* and Q273*, generate mutantssignificant defects in Mmp1 embryonic tracheae when
that frequently pupariate, and many of these do notstained with monoclonal antibody 2A12 (data not
evert their heads (Table 1; Figure 4N), indicating eithershown), suggesting that the initial patterning and mor-
that Mmp1 is involved in head eversion or that all meta-phogenesis of the tracheal system was unaffected. The
morphosis is halted before head eversion occurs. How-dorsal trunks of very small mutant first instar larvae,
ever, of 17 Mmp1Q273* pupae that did not evert theirhowever, did not have quite as much slack as those of
heterozygous siblings (compare Figures 4F and 4H). This heads, 3 continued to develop adult body structures,
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Figure 5. Mmp2 Mutant Phenotypes
(A–C) Pupae removed from their pupal cases.
(A) Mmp2219I/Df(2R)Uba1-Mmp2.
(B) Mmp2A218V with a cleft along the midline
of the nodum (arrow).
(C) Wild-type w1118.
(D–H) Larval midguts dissected from prepu-
pae and pupae showing the gastric caeca
(gc), the proventriculus (pv), the Malpighian
tubules (mp), and the yellow body (the con-
densed larval midgut; yb).
(D) Mmp2W307* 0 hr after puparium formation
(APF) at 25C.
(E) Heterozygous control, 0 hr APF at 25C.
(F) Mmp2W307* equivalent to 10 hr APF at 25C
(raised at 18C for 20 hr APF).
(G) Heterozygous control, same age as
Mmp2W307* in (F).
(H) Mmp2W307* 22 hr AFP at 25C.
including bristles, articulated legs, and abdominal cuti- in weak alleles: many animals near the end of pupal
development had a cleft bisecting the nodum (the dorsalcle stripes, appearing upon dissection from the pupal
case as headless flies (Figure 4O). When the body cavi- surface of the thorax) along the midline (compare Fig-
ures 5B and 5C). The nodum develops from wing imagi-ties were dissected, they revealed developing heads
trapped inside, a cryptocephalic phenotype that has nal discs, which spread medially from their lateral posi-
tions to fuse along the dorsal midline. The cleft and thebeen observed in mutants involved in ecdysone signal-
ing (Hewes et al., 2000, and references therein). It is melanized lump indicate that Mmp2 plays an important
role in the fusion of the wing imaginal tissue. (Cleft no-likely that the extracellular matrix must be significantly
remodeled to allow head eversion; such remodeling may dums were also observed in dissected Mmp1Q273* mu-
tants [Figure 4O], suggesting that Mmp1 may also bebe accomplished by Mmp1.
involved in disc fusion, although the frequency of this
phenotype is not known, and further work with additionalMmp2 Mutant Phenotypes
Mmp2 mutant prepupae and pupae frequently had a alleles must be done.) Additionally, Mmp2 may function
in pupal head eversion as does Mmp1, as less than amelanized lump on the developing thorax, visible
through the pupal case as a black spot. This spot was quarter of the Mmp2W307*/Df(2R)Uba1-Mmp2 null animals that
pupariated everted their heads.observed in 74% (n 23) of Mmp2G535R/Df(2R)Uba1-Mmp2 pupae
and also in all other allelic combinations, albeit less In vertebrates, MMPs were first identified in the re-
sorbing tail of tadpole metamorphosis (Gross and La-frequently (probably because stronger alleles did not
develop far enough and weaker alleles had sufficient piere, 1962), so we asked whether Mmp2 is required for
the histolysis of larval tissues during insect metamor-Mmp2 function to avoid this defect). The black spot
appeared before head eversion, varied in size, and re- phosis. The anterior end of the larval gut contains the
proventriculus, four diverticuli called gastric caeca, andmained evident in animals with fully developed legs and
bristles (Figure 5A). The placement of this black spot the anterior midgut (Figures 5D and 5E). During meta-
morphosis, the proventriculus and gastric caeca arecorresponds with another Mmp2 phenotype observed
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apoptosed and histolyzed within about 4 hr of puparium
formation (Jiang et al., 1997, and references therein).
Upon dissection, we observed that Mmp2W307* mutants
retain the gastric caeca and proventriculus, even 22 hr
after puparium formation (Figures 5D–5H). Thus, Mmp2
is required for histolysis of larval tissues.
Mmp2 Mmp1 Double Mutant Larvae Survive
to Third Instar
We were surprised that animals mutant for either Mmp1
or Mmp2 completed embryogenesis and hatched as
apparently normal larvae because we expected them
to be required for extensive ECM remodeling during
embryogenesis. Because it was possible that the two
MMPs were acting redundantly during embryogenesis, Figure 6. Double Mmp1 and Mmp2 Mutation and Inhibition
we used the strongest mutant alleles to make a double (A) Double Mmp2 Mmp1 mutants. Left, Mmp1; Right, Mmp2 Mmp1.
Arrow shows posterior spiracles inside animal.transheterozygous (double mutant) fly that lacked all
(B) Left and right lateral views of the same btlGAL4; UAS-TimpMMP function but did not have any other homozygous
third instar larva; both dorsal trunks are broken (arrowheads). Theloci on the chromosome. Strikingly, these double mutant
far right picture shows black melanization at the anterior tip of theanimals were able to complete embryogenesis and broken trachea (arrowhead), also frequently observed in Mmp1 mu-
hatch (Table 1), despite the expression of each gene in tants.
many embryonic tissues. To be certain that no MMPs
were being provided maternally, we made double mu-
tants derived from maternal germline clones and con-
posterior spiracles, 86% (n  29) had broken dorsalfirmed the mutations by sequencing the alleles in the
trunks, and one was stuck to its L2 cuticle at the mouth-resulting mutant larvae; these maternal-zygotic double
hooks and a lateral spiracle, and the majority of L3 ani-mutant animals had phenotypes identical to the zygotic
mals died before pupariating (Table 1). This Mmp1 phe-double mutants, demonstrating that no MMPs are re-
nocopy suggests that Mmp1 is the only critical targetquired for Drosophila embryogenesis. Double mutant
inhibited by the overexpressed Timp during embryonicanimals of several allelic combinations exhibited the
and larval development. In addition, none of the 16 ani-same tracheal defects as Mmp1 mutants, dying with
mals that pupariated everted their heads, in contrastshortened or broken dorsal trunks.
with some Mmp1 and Mmp2 null transheterozygous fliesSince MMPs have been implicated in cell migration,
that were able to evert. Since Timp inhibits both Mmp1we examined the double mutant embryos for migration
and Mmp2, this suggests that Mmp1 and Mmp2 mayof the embryonic germ cells, which migrate through the
be partially redundant for head eversion.posterior midgut during stages 9–10 (Moore et al., 1998).
As assayed by anti-vasa staining in Mmp2 Mmp1 mu-
tants, germ cells were able to adhere to and migrate Discussion
through the midgut, associate with the lateral meso-
derm, and, finally, coalesce into embryonic gonads (data We report here the identification, expression, and phe-
not shown), demonstrating no requirement for MMP notypic analysis of the two Drosophila MMPs, as well
function during germ cell migration. as the phenotype of the double MMP mutant. Flies have
only two MMPs, compared with more than 20 in mam-
mals, and both are inhibited by the single fly Timp. Mmp1Misexpression of Timp Mimics the Mmp1 Phenotype
To explore the role of MMPs in development of the RNA is expressed in a few tissues during embryogene-
sis, and Mmp1 protein is detected in embryos (datatracheae and the animal, we misexpressed the inhibitor
Timp using either a ubiquitous tubulin-GAL4 driver or a not shown) and in larval tracheal cells. Mmp2 RNA is
expressed in many tissues during embryogenesis, in-tracheal-specific breathless-GAL4 driver. Interestingly,
both groups of animals completed embryogenesis, cluding a subset of the nervous system, and is ex-
pressed widely in imaginal discs. Mutant analysis ofhatched, and exhibited stretched tracheal systems and
tracheal defects during the larval stages. Third instar alleles generated for this study reveals that Mmp1 is
required for growth of the larval tracheal system and islarvae expressing Timp in the tracheae all had broken
dorsal trunks (Figure 6B), but 94% (n  69) had normal involved in release of cuticle at molting and head ever-
sion during pupation. Mmp2 is required for fusion ofposterior spiracles (in contrast to strong Mmp1 mutants,
which all have internalized posterior spiracles), sug- imaginal tissue and histolysis of larval tissue during
metamorphosis. The two MMPs may be partially redun-gesting that Timp expression weakened the dorsal
trunks relative to the posterior spiracles. About half dant for the morphogenetic event of pupal head ever-
sion. Neither MMP is required for embryonic develop-these animals were able to pupariate, and most of these
were able to evert their heads, although few eclosed as ment. Interestingly, the double Mmp2 Mmp1 mutant is
able to complete embryonic and much of larval develop-adults (Table 1).
Larvae expressing Timp ubiquitously phenocopied ment, dying with a phenotype similar to that of Mmp1
mutants, indicating that MMPs are not essential for em-more completely the Mmp1 and double Mmp2 Mmp1
mutant phenotypes: all third instars had internalized bryonic development in flies.
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Mmp1 in Tracheal Growth the first appearance of the black thoracic spots in mu-
tants. The discs spread medially from their lateral loca-Mmp1 tracheal defects may be caused by an inability of
cells to detach from the tracheal cuticle, a multilayered tions, with the cells at the advancing edge (termed S
cells) crawling over preexisting larval epithelium; theextracellular matrix that lines the apical (lumenal) sur-
face of the entire tracheal system. In wild-type animals, larval cells are then replaced by imaginal cells in the
disc. The S cells from the two discs meet at the midlinethe tracheal trunks must expand 7-fold in diameter and
14-fold in length during larval growth, all without cell and then are lost (Usui and Simpson, 2000). It is possible
that the black spots in mutants could represent larvaldivision (Beitel and Krasnow, 2000). Increases in tra-
cheal diameter occur during rapid dilation events at the cells that persist after they should be removed, similar
to the persistence of the larval midgut; S cells that failtwo larval molts, when cells loosen their attachments to
the old cuticle, dilate their lumens, and secrete new to be removed from the tissue; or a defect in spreading
of the imaginal tissue over the larval tissue. The role ofcuticle; molting is known to require extensive proteolysis
of the old cuticle (Manning and Krasnow, 1993). The MMPs in epithelial fusion has been examined in the
developing mouse palate, where epithelial cells at theirregular diameter of Mmp1 dorsal trunks suggests that
tracheal cells have difficulty detaching from the cuticle advancing edge of the mesenchymal tissue disappear
after they meet at the midline. MMPs are expressed atduring the dilations. A failure of detachment may also
explain why some Mmp1 animals remain stuck to old the fusion site, and addition of an MMP inhibitor in vitro
causes a failure of epithelial fusion. Moreover, in TGF-cuticles after molting. In contrast, increases in tracheal
length occur gradually throughout larval development, 3 mutants, MMP-2 and MMP-13 fail to be expressed
at the fusion site, the epithelial cells persist, and theand the tracheal cuticle must elongate concomitantly.
Mmp1 trunks cannot properly elongate beginning in first palates do not fuse, resulting in mice with cleft palates
(Blavier et al., 2001). Weaker Mmp2 mutants developinstar larvae, before the first molt, as evidenced by the
stretching of the tracheal system. This stretching proba- cleft nodums, and it is interesting to note that mutation
of the Drosophila TGF- gene dpp also causes a cleftbly causes the broken trunks and internalized spiracles.
Tracheal tube elongation may also require that cells along the midline of the nodum (Usui and Simpson, 2000,
and references therein). The roles of MMPs in theseloosen their cuticle attachments in order to spread, and,
if so, then the failure to elongate could also be caused mouse and fly processes appear to be homologous.
by a failure of detachment. Alternatively, tube elongation
may be constrained in mutants by an inability of the Fly and Mammalian MMPs
cuticle itself to elongate, perhaps because cuticle elon- It is useful to consider the similarities and differences
gation requires localized proteolysis. As obstructions between MMPs in flies and mammals. It appears that
that block oxygen diffusion accumulate in the tracheae, the two fly MMPs diverged when insects and mammals
the animals appear hypoxic, with increased wandering shared a common ancestor, so they may represent an
behavior and eventual death. ancient divergence in the MMP family. As with mam-
mals, fly Timp inhibits fly MMPs, and Lopez-Otin and
colleagues found that Mmp1 is also inhibited by mam-Mmp2 in Metamorphosis
During metamorphosis larval organs and tissues are de- malian TIMP-2 and -4 (Llano et al., 2000). In addition to
MMPs and Timp, the fly genome contains a single genestroyed and replaced with those of the adult; one exam-
ple is the larval midgut, which is histolyzed and replaced (CG5392) homologous to mammalian RECK, a recently
identified MMP inhibitor (Oh et al., 2001). Thus, it ap-by the developing adult midgut in a process that requires
significant apoptosis of the larval cells (Jiang et al., pears that flies have many of the same players as mam-
mals in the MMP pathway. As with mammalian MMPs,1997). We have shown that Mmp2 is required for com-
plete histolysis of larval midgut structures. In the verte- fly MMPs may remain associated with the cell surface
after secretion. In a study published while this manu-brate parallel process, MMPs are known to be important
for frog metamorphosis. In both cases, larval tissue his- script was in preparation, Mmp2 is predicated to contain
a GPI anchor sequence, suggesting that it might betolysis is under hormonal regulation, with Drosophila
metamorphosis controlled by ecdysone and Xenopus membrane associated (Llano et al., 2002). An Mmp1
cDNA fragment we recovered from our library screeningmetamorphosis controlled by thyroid hormone. In Xeno-
pus, different MMP family members play different roles also contained a predicted GPI anchor sequence
(A.P.-M. and G.M.R., unpublished data).in histolysis of the larval intestine: stromelysin-3 is in-
volved in triggering apoptosis, presumably by inter- In mammals, MMPs can compensate for the loss of
one family member with the upregulation of others, asrupting contact between the cells and their basement
membranes, and collagenase-3, collagenase-4, and gel- has been demonstrated in heart tissue and mouse invo-
luting uterus (Ducharme et al., 2000; Rudolph-Owen etatinase A are expected to be involved in clearing away
ECM after cell death (reviewed in Damjanovski et al., al., 1997). It seemed likely that the mild phenotypes
observed in many MMP mutant mice may be a result of2000). It will be interesting to see whether Mmp2 mutant
larval midguts are able to undergo apoptosis, but not similar MMP compensation. We are able to address the
question of MMP function more definitively in Drosophilamatrix degradation, or whether apoptosis itself is
blocked. because there are only two MMPs. To rule out the formal
possibility that a third MMP gene might lie in a repeat-Mmp2 also appears to be required for fusion of the
epithelial tissue of the nodum. Normally, the wing discs rich, heterochromatic portion of the genome that is not
clonable in BACs, we carried out BLAST searches of allfuse along the midline of the nodum early in morphogen-
esis, before head eversion, timing that is consistent with the sequence traces generated in the whole genome
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full-length Mmp1.f1 and Mmp2 cDNAs or from the 5 80% of theshotgun described by Adams et al. (Adams et al., 2000),
Timp coding sequence, which excludes the sequence from synapsinwhich should include any nonrepetitive sequence from
(Godenschwege et al., 2000). In situ hybridizations were performedthe heterochromatin, and found no significant homology
with digoxygenin-labeled DNA or RNA antisense probes to full-
to MMPs other than that accounted for by Mmp1 and length cDNAs. Sense probes against the full-length Mmp1.f1 served
Mmp2. The result of this comprehensive genome search as a negative control. Mouse monoclonal antibodies were raised
against GST fused to the Mmp1 catalytic domain (amino acids 137–argues strongly against the existence of a third Drosoph-
299), initially screened against an MBP fusion protein, and furtherila MMP gene. As Mmp2 Mmp1 double mutant animals,
screened in situ against S2 cells transfected with Mmp1 and onincluding those derived from germline clones, hatch and
blots of control and mutant animal extracts. Larval staining wasgrow to third instar larvae, it is clear that Drosophila
performed with a mixture of supernatants from clones 3B8, 5H7,
embryos do not require any MMPs to complete em- and 3A6, used at a ratio of 1:10 on dissected first instar heterozygous
bryogenesis and develop to third instar. and homozygous Mmp12 larvae.
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